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Abstract 
This paper presents an investigation of facade flame heights from an under-ventilated enclosure fire having an opening with side walls. A 
reduced-scale model, consisting of a cubic enclosure of 0.4 m with a vertical facade wall and two side walls was constructed for the 
experiments. The temperature profile inside the enclosure was measured by thermocouples whereas a CCD camera was employed to 
obtain the mean flame height of the ejected flames. It is found that the presence or the separation distance of the side walls have no impact 
on the critical heat release rate of the enclosure (1500A H  in kW). The effects of the side walls on the mean flame height are 
pronounced for a relative larger flame than a small one having the same separation distance of the side walls. In addition as the side wall 
distance decreases, the effects become larger leading to flame heights much higher than those without sidewalls. A global dimensionless 
parameter K is proposed to account for the side wall effects, based characteristic length scales of the opening , and the distance between 
the side walls D. The experimental data for different opening dimensions and side wall distances are well correlated by this global 
parameter.  
© 2013 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Asia-Oceania Association for Fire Science 
and Technology.  
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Nomenclature 
g acceleration of gravity (m/s2) 
hc total heat loss coefficient from enclosure (kW/m2/K) 
am  mass flow rate of air supply (kg/s) 
fm mass flow rate of fuel (kg/s) 
A      area of the opening (m2) 
AT total exposed surface area of the enclosure (m2) 
A H ventilation factor (m2.5) 
Cp specific heat (kJ/kg/K) 
D distance of the two side walls (m) 
K global parameter of mean flame height 
H height of the opening (m) 
H heat of combustion of the gas fuel (kW/m3) 
oxH heat release per mass of air consumed at normal conditions (3000 kJ/kg) 
Q  heat release rate (kW) 
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exQ  excess heat release rate, ex insideQ Q Q  (kW) 
*
exQ  non-dimensional excess heat release rate, 
*
5 2
1
ex
ex
p
Q
Q
c T g
 
insideQ  heat release rate inside the compartment (kW) 
T  ambient temperature (K) 
V  volume flow rate (m3/h) 
W width of the opening (m) 
Z0 mean flame height without side walls (m) 
ZD mean flame height with side walls at distance of D (m) 
Zn    location of the neutral plane (m) 
Greek symbols 
1  characteristic length scale, 
2
5
1 ( )A H  (m)  
2  characteristic length scale, 
12 4
2 ( )AH  (m) 
 coefficient to describe the difference of entrainment strength from side with that from front 
f  density of fuel (kg/m
3) 
 density of air (kg/m3) 
Subscripts 
a air 
f fuel 
 ambient condition 
1. Introduction 
When a fire occurs in a high rise building, there is a threat that fire can spread to upper floors from the openings. 
Typically, flame spread to the upper floors is mainly due to radiation and convection of the flames on the facade which are 
determined by two important parameters, i.e. the flame height and the temperature profile of the ejected spill plume. Started 
by Yokoi [1] in 1960, several investigators [2-11] have studied enclosure fire behaviour, including the spill flames and 
plumes. Enclosure fires can be divided into two regimes, the fuel-controlled and the ventilation-controlled regime. The 
transition from over to under ventilated condition depends on the fuel supply rate inside compared to the air supply rate into 
the enclosure. The air supply rate depends on A H  , also known as the ventilation factor of an opening [12], where A (m2) 
and H (m) represent the area and height of the opening respectively. For under-ventilated conditions the air supply rate is:  
0.133 0.5am A gH A H  in kg/s                                                                    (1) 
Recently this relation has been verified from a series of small-scaled experiments and analysis in a 0.5 m cubic enclosure 
[13-17, 28]. In addition the heat release rate inside the enclosure for under-ventilated conditions is determined by [13-17, 
28]: 
0.133 3000 0.5 1500oxa ox p
p
H
m H c T A gH A H A H
c T
 in kW                              (2) 
where oxH  is the heat released per mass of air consumed in the enclosure.  
When the theoretical heat release rate from the fuel supplied in the enclosure exceeds the critical value in Eq. (2), the 
excess fuel burns outside the enclosure creating the facade flames. In this case, the mean height of spill flames is determined 
by two factors: the amount of excess fuel and the opening of the enclosure [13, 16]. A non-dimensional parameter *exQ  was 
introduced [13, 16], on which the mean flame height depends as: 
5 2
1 1
( ) ( )f n exex
p
Z Z Q
f Q f
C T g
                                                                  (3) 
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1 ( )A H                                                                           (4) 
where Zf is the mean (50% intermittency) flame height, Zn is the location of the neutral plane,  is air density, Cp is 
specific heat of air at constant pressure, T  is ambient temperature, g is acceleration of gravity, 1  is the characteristic 
length scale describing the opening size. *exQ  is the excess heat release rate due to the burning excess fuel outside the 
compartment defined as: 
ex insideQ Q Q                                                                                      (5) 
Eqs. (3) - (5) are valid on plain facades. Additional experiments have been reported on ejected flames on facades with 
horizontal eaves or a facing wall [18, 19-24, 28]. However, little work has been reported on the effects of sidewalls on 
temperatures in facade flames [23] but none on flame heights. 
In this paper, a series of experiments were conducted in a small cubic enclosure of size 0.4 m having two side walls on 
both sides of the opening. By changing the distance of the side walls, we measured the flame heights for different opening 
conditions using a CCD camera. In addition, the temperature profile was measured by thermocouples trees. A global 
coefficient was found to account for the side wall effect including the characteristic length scales of the opening and the side 
wall separation distance.  
There are three more sections following the introduction. The second section describes the experimental procedure, 
devices, equipment and conditions. The third section includes the results and discussions and finally section four 
summarizes the conclusions. 
2. Experimental setup and procedure 
2.1. Experimental rig 
Figure 1 shows a reduced-scale model, consisting of a cubic enclosure with a vertical facade wall and two side walls. The 
enclosure is a 0.4 m cube with a 0.05 m thick inner lining of ceramic fibre boards for thermal insulation. The bottom of the 
enclosure is at a height 0.3 m from the ground. The facade wall is 1 m wide and 2.2 m high covered by a fire resisting board 
5 mm thick. The two side walls also made of fire resisting board, 0.6 m wide and 2.1 m high, are positioned symmetrically 
at both sides of the opening at distances varying from 0.30 m to 0.75 m with 0.15 m increment.  
The opening is located in the centre of the facade wall of the enclosure. Five kinds of windows are used in the 
experiments to represent different ventilation conditions and the specific opening geometries are also listed in Fig. 1. A 
square porous gas burner of 0.2 m welded by steel plates of thickness 2 cm is employed to provide the fuel supply into the 
enclosure.  Small holes of diameters 0.5 cm have been drilled within a square region on the top surface of the gas burner at a 
spacing of 2 cm to stabilize the fuel supply into the enclosure. 
2.2. Measurement and experimental conditions 
We use Liquefied Petroleum Gas (LPG) as fuel. A gas flow meter of accuracy 0.1 m3/h monitors and controls the gas 
fuel supply rate fV . All these conditions correspond to under-ventilated fires. The total heat release rates calculated from Eq. 
(6) are listed in Table 1: 
f fQ V H                                                                                              (6) 
where f is density of fuel, and H is heat of combustion of the gas fuel.  
A total of 8 K-type thermocouples of diameter 0.5 mm are divided in two groups located at the inner and outer corners of 
the enclosure respectively (see Fig. 1). The thermocouples in each thermocouple tree are 0.2 m, 0.25 m, 0.3 m and 0.35 m 
from the bottom of the enclosure. In each scenario when the combustion inside the enclosure reaches a steady state, the 
vertical temperature distribution is recorded every 120 seconds.  
A CCD camera (at 25 frames per second) records the fluctuations of the ejected flames. The distance from the camera to 
the facade wall is maintained at 3 m in the experiments. The mean flame heights are acquired through image processing. 
The experimental scenarios are summarized in Table 1 for the opening sizes, the distances of the side walls, the volume 
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flow rates of fuel and the total heat release rate. 
(a)      (b)  
Fig. 1. Schematic of experimental rig: (a) side view; (b) top view. 
Table 1. Summary of experimental scenarios 
Test Series. 
Opening geometry 
Separation Distance of side walls (m) Total heat release rate (kW) 
Height (m) Width (m) 
1 0.25 0.15 0.3 0.45 0.6 0.75 No side walls 39.90 44.34 48.77 
2 0.2 0.2 0.3 0.45 0.6 0.75 No side walls 39.90 44.34 48.77 
3 0.2 0.1 0.3 0.45 0.6 0.75 No side walls 39.90 44.34 48.77 
4 0.15 0.15 0.3 0.45 0.6 0.75 No side walls 39.90 44.34 48.77 
5 0.1 0.2 0.3 0.45 0.6 0.75 No side walls 39.90 44.34 48.77 
 
3. Results and discussion 
3.1.  Temperature inside the enclosure 
Figure 2 shows the inside temperature distribution for a typical opening (0.15 m × 0.15 m) for all side wall separation 
distances. It is seen that the temperature inside the enclosure is spatially uniform, ranging from about 650 °C to about 
750 °C. In addition, the temperatures inside are nearly the same for varying total heat release rates but the same opening. 
According to the energy balance [14], the gas temperature rise gT  inside the enclosure can be expressed as:   
0.133 1500 ( )ox p inside f a p g c T g
p
H C T A gH A H Q m m C T h A T
C T
                             (7) 
a fm m   (the mass flow rate of fuel)                                                                  (8) 
where ch  is the heat loss coefficient from the walls and the opening of the enclosure, TA is the total exposed surface area of 
the enclosure. It can be concluded from Fig. 2 and Eq. (7) that the presence or the distance of side walls have no influence 
on the critical heat release rate (1500A H , in kW) at a certain opening geometry. 
3.2. Mean flame height 
In the experiments, the mean flame height was obtained by a series of continuous images recorded by the CCD camera at 
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a speed of 25 frames per second. The OTSU method [29] was applied to obtain the flame height. The mean flame height is 
obtained where the intermittency is 0.5.  
On the basis of [11, 14, 26], two physical mechanisms dominate the mean flame height into different stages. For small 
flames of *exQ   1.3, the entrainment of air mostly occurs from front of the opening and the flame is attached to the facade 
wall. Otherwise, for large flames of *exQ  > 1.3 the increase of entrainment from side of the opening will make the flame 
behaviour become more similar to axisymmetric fires.  
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Fig. 2.  Vertical temperature distribution of a typical opening (0.15 m × 0.15 m) with all side walls inside the enclosure: HRR= 48.77 kW. 
Figure 3 shows the mean flame height with different side wall constrains under different heat release rates and openings. 
In the two big openings where *exQ  is relatively small, the mean flame height seems less depended on the distance of side 
walls, shown in Fig. 3(a) and Fig. 3(b). The mean flame height is almost consistent with different side wall constrains 
because of the entrainment is mainly come from the front. However, in small openings, such as Fig. 3(c) – Fig. 3(e), the 
impact of side walls is clearer, especially when the heat release rate is increased. This is because the presence of the side 
walls will strongly restrict air entrainment from the side. With the narrow down of the distance of side walls, the effect 
becomes more and more crucial and the mean flame height is much higher than that of free condition.  
3.3. Correlation of the mean flame height under side wall constrains and dimensionless excess heat release rate 
It is found that the dimensionless excess heat release and the distance of side walls are two major factors under side wall 
constrains. As stated above, for a small dimensionless excess heat release *exQ , the mean flame height has little dependence 
on the distance of side walls, so in this section we are mainly focused on relatively large flames (for *exQ >1.3) under side 
wall constrains. We introduce a global dimensionless parameter K to describe the mean flame height in such conditions: 
0
1 1
D ZZ K                                                                                             (9) 
where Z0 is the mean flame height without side walls and ZD is the mean flame height with side wall distance of D.  
According to some former studies [16], the flow outside the enclosure can be depicted as generated by a rectangular 
burner having sides 1  and 2  at the level of the neutral plane and providing a heat release rate of  exQ  , where 2  
describes the competition of momentum and buoyancy flux at the opening for the case of under ventilated fire condition. 
We suppose the coefficient K as a function of these two characteristic length scales:  
1 2( , , )K f D                                                                                      (10) 
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1  is defined by Eq. (4) mentioned above, and 2  is defined as: 
12 4
2 ( )AH  . 
It is known that the flame ejecting behaviour is closely related to the air entrainment from surroundings. When the hot 
unburned fuel is ejected from the opening and move upwards, it will not come to flames until the mixing of fresh air is 
sufficient to support combustion, which means that the mean flame height has a negative correlation with the entrainment of 
fresh air. We can estimate relative values of the entrainment from front and from side by assuming that the entrainment is 
proportional to its characteristic length scale respectively. For an open space without side walls, entrainment occurs from 
three sides of the rectangular of length 1  and 2  and the relative entrainment length scale is supposed to be 1 22 . For 
another extreme condition that the distance of side walls is 1  where the entrainment from side is fully constrained, the total 
entrainment amount takes only a length scale of 1 . Here  is introduced as a coefficient to describe the difference of 
entrainment strength from side with that from front.  
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Fig. 3. The mean flame height versus different side walls distances in various opening geometries: (a) 0.15 m × 0.15 m; (b) 0.10 m (h) × 0.20 m (w); (c) 
0.20 m (h) × 0.10 m (w); (d) 0.25 m (h) × 0.15 m (w); (e) 0.20 m × 0.20 m. 
 
Then, based on above considerations, as the entrainment from side occurs when the separation distance of side walls 
increases, another dimensionless parameter 2 2
1
1 2 ( )
D
, integrated by the distance of side walls as well as two 
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characteristic length scales is proposed to modify the entrainment length scale as 2 21
1
[1 2 ( )]
D
, and thus the 
parameter K is expressed as: 
2 2
1
11 1 2
2 20 1 2
1
1
[1 2 ( )] 2{ }
2 [1 2 ( )]
DZ DK
Z
D
                                              (11) 
Here when the distance of side walls ranges from 1  to infinity (equals to open space), the parameter K is valued from 
1
1 22
 to 1, corresponding to the two extreme conditions. Assumingly taking 0.2 , the experimental data are 
presented in Fig. 4. It is shown that the experimental data are shown to be well collapsed with this global parameter, 
suggesting following expression for K: 
1 2
2 2
1
1
0.4
[1 0.4( )]
D
  For * 1.3exQ                                                                      (12) 
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Fig. 4. Correlation of the global parameter K and the mean flame height with dimensionless excess heat release rate. 
And also the mean flame height with side walls can be approximated by the following expressions: 
*
0
1 1 1
( )exD Z f QZ K K                                                                                   (13) 
*
*1 2
2 2
1
1
1                                                                  1.3
0.4
                                  1.3
[1 0.4( )]
ex
ex
Q
K Q
D
                                                        (14) 
However, it should be noted in Fig. 4 that these seems to be still a small dependency of  and thus the parameter K with 
( *exQ  >1.3), the value of  is shown to be higher when 
*
exQ  is larger. When 
*
exQ  is large enough, the facade flame 
entrainment behaviors similarly to that of an axis-symmetrical free fire plume and thus the value of  should approach 
unity. 
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4. Conclusions 
This paper studies the flame ejecting behavior of enclosure fires under side wall constrains through a reduced-scale 
model experiments. The distance of the side walls is changed and the temperature profile inside the enclosure and the mean 
flame height of ejected flames are obtained to study the influence of side walls. The major findings are concluded through 
analysis and discussion: 
(1) The temperature inside the enclosure is spatially uniform and almost the same for various total heat release rates but 
the same opening. The appearance or the distance of side wall has no influence on the critical heat release rate (1500A H , 
in kW) at a certain opening geometry. 
(2) For a small flame ( *exQ   1.3), the mean flame height has little dependence on the side walls, but for a relative larger 
flame ( *exQ  > 1.3), with the narrow down of the distance of side walls, the influence becomes more and more crucial and the 
mean flame height is much higher than that of free condition, dues to a severe constrain of the entrainment from side. 
(3) A global parameter K (Eq. (14)) is founded to predicting the mean flame height of spill flames under different side 
wall constrains. The experimental data for different opening dimensions and side wall distances are shown to be well 
collapsed by this global parameter (Fig. 4) and the mean flame height with side walls can be approximated by Eq. (13). 
However, as also shown in Fig. 4, there exists some dependency of  with *exQ , the value of  should be higher when 
*
exQ  is larger. This will be investigated and reported in the future. 
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